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The Cretaceous Two Medicine Formation of northwestern
Montana has yielded blocky, calcareous coprolites that contain abundant fragments of conifer wood and were produced by large herbivorous dinosaurs. The coprolites are
generally dark gray to black in color due to a dark substance confined chiefly within what originally were the capillaries of tracheid and ray cells of xylem. This substance is
a kerogen that consists in part of thin-walled vesicles 0.1–
1.3 mm in diameter. Pyrolysis products of this kerogen are
diagnostic of a bacterial origin with a possible contribution
from terrestrial plants. The vesicular component is interpreted as the residue of bacterial cells, whereas a second filamentous component, closely associated with the vesicles,
may be the residue of an extracellular binding material,
such as glycocalyx.
At least two episodes of calcification of the coprolite are
recognized by manganous cathodoluminescence. The earlier of these infilled the capillary channels of the conifer fragments. Wood cell walls, voids, cracks, and small burrows
were filled during the later episode. Microprobe data confirm these results and show that phosphate is sequestered in
the capillaries. These observations suggest that bacteria
within the capillaries induced initial mineralization of the
coprolite, and, in so doing, created barriers that protected
organic residues from subsequent destruction. Early onset
of mineralization is consistent with the degree of preservation of woody xylem found in the coprolites.

INTRODUCTION
Prokaryotes have a fossil record spanning some 3.5 Ga
of Earth’s history (Schopf, 1994). Although they are distributed globally in large numbers and their activities are
critical to all ecosystems, the record of prokaryotic fossils
is rather sparse. The great numerical advantage of pro-

karyotes is offset by taphonomic bias against the preservation of these unmineralized organisms. Their small size,
unremarkable shape, and diagenetic modifications can
make positive identification difficult. Their identification
in sedimentary material has been based on several lines of
evidence: morphology of carbonized forms in thin sections
and hydrofluroic acid (HF) digests (Barghoorn and Tyler,
1965; Cloud, 1965; Schopf, 1968, 1970, 1992, 1994; Peat
and Lloyd, 1974; Schopf and Walker, 1983) or on rockcleavage surfaces (Wuttke, 1983; Davis and Briggs, 1995);
suggestive morphologies of mineral replacement structures (Bradley, 1946) or authigenic minerals (Wuttke,
1983; Briggs and Kear, 1993; Sagemann et al., 1999; Reid
et al., 2000); detection of preserved biomarker molecules
(Ourisson et al., 1979; Chin and Brassell, 1993; de Leeuw
and Largeau, 1993; Deming and Baross, 1993; Killops and
Killops, 1993); 12C/13C isotope ratios, such as those diagnostic of ancient communities of methanotrophs (Schoell
and Wellmer, 1981; Buick, 1992; Hayes, 1994; Rye and
Holland, 2000); and contextual connections, such as those
occurring with algal mats and stromatolites (MacGregor
et al., 1974; Nagy and Zumberge, 1976; Walter, 1983; Dyer
et al., 1988; Reid et al., 2000).
Ideally, detection and interpretation of ancient prokaryotes should be supported by several lines of independent
evidence. Here morphological, chemical, and contextual
evidence are presented for Mesozoic organic bacterial residues within plant cells found in fossilized feces (coprolite)
of herbivorous dinosaurs. In addition, evidence is provided
that these bacteria played a role in the initial calcification
of the feces and, through self-encapsulation within the
mineral matrix, in their own preservation.
SAMPLES

* Current address: Colorado University Museum of Natural History,
University of Colorado at Boulder, Campus Box 218, Boulder, CO
80309

The dark colored, blocky, calcareous coprolites used in
this study were found in the Willow Creek Anticline of the
Cretaceous Two Medicine Formation of northwestern
Montana near the town of Choteau (Chin, 1996; Chin and
Gill, 1996). This site has been dated radiometrically as latest Campanian (74–79 Ma; Rogers et al., 1993). Proof that
the specimens are coprolites was based on their comminuted contents, sedimentological context, and their asso-
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ciation with dung beetle burrows (Chin, 1996; Chin and
Gill, 1996). They are composed largely of black fragments
of conifer xylem in the 1–20-mm range, and can be up to 35
cm on a side and can exceed 6 liters in volume. On the basis of size and composition, these coprolites are attributed
to large, herbivorous dinosaurs, most likely Maiasaura
(Chin, 1996; Chin and Gill, 1996). The three specimens
used for the studies reported herein were MOR 771, 1130,
and 1131 from the collection of the Museum of the Rockies
in Bozeman MT. These 10–15-cm pieces were fragments of
larger coprolites.
METHODS
Sample Preparation
To isolate black, particulate, organic material (OM),
pieces of the coprolite MOR 1131 were taken from inner
parts of the specimen to avoid contamination by soil and
modern organic materials on external surfaces. The calcite
matrix was dissolved in 6 M hydrochloric acid (HCl) at
room temperature to yield a suspension of OM and a silty
sludge. Although a small fraction of the OM was extremely hydrophobic and not wetted by water, most was sufficiently hydrophilic and dense enough to allow isolation by
centrifugation from aqueous solutions. The residue was
washed extensively with water to remove Ca salts and
then demineralized by treatment with redistilled 50% HF
at room temperature, first for 12–15 h and then for another 2–3 h using a fresh portion of HF. Excess HF and metal
fluorides were removed by washing the centrifugal pellet
with decreasing concentrations of HCl from 6 to 1 M and
then several times with water. The resulting black residue
was dried at 408C and stored over anhydrous CaCl2.
To isolate intact capillary cores of xylem, coprolite chips
2–3 mm in size were disintegrated slowly without stirring
at room temperature in 1 M sodium ethylenediaminetetraacetate (EDTA), pH 10. This procedure, which avoids
CO2 formation, was successful in releasing xylem capillary
cores intact. The cores were collected by differential sedimentation.
The use of acids or hot chelating agents in bulk to release the OM from coprolite samples necessarily destroys
information about its original distribution within the coprolite. Hence, a procedure was developed to remove calcite
from thin sections under non-turbulent conditions and
without bubble formation. This largely prevented the removal or redistribution of the OM and allowed the determination of its location and distribution within the mineral matrix. A coprolite thin section was prepared with
both surfaces polished, and a flow cell with head-space of
0.2 mm was constructed on its upper surface using coverslip. EDTA (1 M, pH 10) was perfused through the flow
cell at room temperature at a rate of 25 ml/min with a peristaltic pump. The thin section and its flow cell rested on
the stage of a polarizing microscope so that the dissolution
of calcite could be monitored by changes in its birefringence. Flow of EDTA solution for 16 h was sufficient to remove essentially all of the calcite.
Analyses of Organic Matter
Fourier transform infrared (FTIR) spectra of demineralized OM in 0.7 mm thick KBr disks were obtained with a

Perkin Elmer FTIR Paragon 1000 instrument at a spectral resolution of 2 cm21. Spectra were recorded by difference spectroscopy, sample disk minus blank disk. The difference spectrum, blank disk minus air path, allowed a
check of KBr for contaminants. None was found.
Flash pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) is an organic microanalytic technique
suitable for solid samples. It has been used extensively to
infer biological precursors for ancient and modern sedimentary organic matter (e.g., van Smeerdijk and Boon,
1987; Collinson et al., 1994; Briggs et al., 1995; Stankiewicz et al., 1998). Whereas flash pyrolysis rarely decomposes the macromolecular analyte completely, it is considered
to produce proportionately representative fragment molecules, useful in the elucidation of the analyte’s chemistry
and biological origin (Larter and Horsfield, 1993).
Analyses of the OM were performed using a CDS 120
pyroprobe coupled to a HP 5890 gas chromatograph with a
HP 5970 mass selective detector. Separations were
achieved on a 50-m HP-1 column (0.2 mm i.d.; film thickness, 0.33 mm). A quartz tube with a weighed sample was
heated in a flow of helium for 20 s within a platinum coil at
6108C, as measured by a thermocouple in the sample holder. The GC oven was operated under the following program: isothermal for 5 min at 408C; temperature rise programmed at 58C/min to 3008C and then isothermal for 20
min. The mass spectrometer was operated in full scan
mode (50–450 Da; 1.21 scans/s; 70 eV ionization voltage).
Compounds in the pyrolyzate were identified based on
mass spectra and GC retention indices, with reference to
the Wiley computerized mass spectral library and the literature (Hartgers et al., 1992; Nip et al., 1992; Sinninghe
Damsté et al., 1992a, b; Kruge and Bensley, 1994; Sicre et
al., 1994; Stankiewicz et al., 1996; Kruge et al., 1998).
Peak areas were quantified with reference to the total ion
current chromatogram. In cases of coelution, the contributions of the individual compounds to a GC peak were determined after examination of the responses of their MS
base peaks. Amounts of individual compounds are reported as percent relative to the largest peak on the chromatogram.
The coprolite OM was analyzed twice, before and after
solvent extraction with 1:1 dichloromethane-methanol,
using 1.37 mg of unextracted sample and 1.46 mg of extracted sample. This allowed a distinction in the pyrolyzate between unbound, lower molecular weight compounds and products of the pyrolysis of insoluble, macromolecular components.
Microscopy
The scanning laser microscope consisted of a Biorad
MRC600 laser system and a Zeiss Axioskop microscope.
Data were processed and images constructed with use of
Cosmos 7.0 software from Biorad. Transmission and confocal reflection images were obtained simultaneously with
separate detectors. Although the transmission mode is
non-confocal, digital image processing and the use of coherent radiation enhanced the resolution of the image and
mimimized the depth of focus. According to Biorad literature, the depth of focus function, Z1/2, was 0.33 and about
0.42 mm for the confocal reflection and the transmission
modes, respectively. The software allowed transmission
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and reflection images to be color coded and superimposed
to check visually for the superposition of image elements.
For transmission electron microscopy (TEM), coprolite
OM was rehydrated just prior to embedding and collected
by centrifugation. The wet pellet was embedded in 2%
agar and cut into 1-mm cubes. The cubes were dehydrated
in a graded series of ethanol-water solutions and finally in
anhydrous propylene oxide. The dehydrated cubes were
infiltrated overnight with a 1:1 mixture of epoxy resin
(EMBed 812) and propylene oxide, infiltrated on the next
day with two changes of the resin-solvent mixture containing the hardening accelerator, and incubated at 608C for
48 h. Epoxy pellets were cut into 50–70-nm sections with a
diamond knife on a Reichert FC4E Ultramicrotome and
mounted on 400M Gilder grids. For contrast comparisons,
some sections were stained with 2% uranyl acetate for 20
min and Reynold’s lead citrate for 6–10 min, followed by
destaining with 0.5% NaOH for 1 min and several rinses
with water. Other sections were viewed unstained. Images
were recorded with use of a Philips 301 Transmission
Electron Microscope on Kodak SO163 Electron Image
Film at an accelerating voltage of 80 KeV. The effective
magnification and the width of the field of view were calibrated using the 39.5-nm structural repeat of cardiac
tropomyosin paracrystal.
Scanning electron microscopy (SEM) images were recorded with a JEOL JSM-5200 instrument on Polaroid
film at an accelerating voltage of 20 KeV. Samples of the
OM were deposited as water suspensions on coverslip
glass. After drying, the glass pieces were cemented to aluminum studs and sputtered with gold. Coprolite surfaces
were examined freshly broken, lightly etched by acid, and
as cellulose acetate peels prepared from lightly etched surfaces. For etched samples, the coprolite was cut to size and
the faces to be examined were given a high polish. Samples were then dipped in 5% acetic acid for about 15 s and
immediately rinsed with water. Certain of these etched
samples were dried, cemented onto studs, and sputtered
with gold for direct examination. Others were flooded with
acetone and each pressed firmly with a piece of cellulose
acetate sheet. When completely dry, the cellulose acetate
pieces were carefully peeled away, immersed briefly in 1
M HCl to remove any adhering carbonates, and dried for
mounting and sputtering.
Analyses of Coprolite Surfaces
Elemental analyses of the surface of a coprolite thin section were performed using a JEOL electron microprobe,
Model 8900. A 15-KeV, 10-nA electron beam, defocused to
produce a spot 10–15 mm in diameter, was used to analyze
and map 13 elements in the tracheid lumens and cell walls
of xylem fragments in the coprolite. Natural minerals
(Wilberforce apatite, dolomite, strontianite, barite, calcite
and sodalite) and synthetic materials (Mn2O3 and GSC
glass) were used as standards.
Uncoated, polished thin sections of the coprolite were
examined microscopically under cathodoluminescence
and photographed using Kodachrome ASA 400 color print
film. A Nuclide Model LM2E Lumnoscope, which contained the thin section in a transparent vacuum chamber
placed on the stage of a dissecting microscope, was operated at a pressure of about 25 mTorr (3.3 Pa), an acceler-
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ating potential of 15 KeV, and a beam current of 0.8 mA.
Calcite luminescence (orange) arises from manganous ion
fluorescence within the upper 1–2 mm of the thin section,
and fluorescence intensity is roughly proportional to manganous ion content (Waychunas, 1988).
RESULTS
Coprolite Thin Sections
The coprolites are composed largely of calcite crystallized in situ, with detrital grains of other minerals confined largely to small burrows (Chin and Gill, 1996). The
detrital minerals are chiefly quartz with lesser amounts of
feldspar. HCl-resistant minerals comprise about 2% of the
mass of the coprolites.
A large fraction of the tracheid and ray cells of conifer
xylem in the coprolites have dark, nearly opaque cores
(Fig. 1A, B; see also fig. 3 of Chin and Gill, 1996). These
dark cores, with diameters of 8–20 mm, correspond to what
originally were the capillary channels or lumens, and the
white or light surrounding areas correspond to the originally woody cell walls. This visual pattern is striking, because it is the opposite from that commonly observed with
carbon-rich fossilized wood, such as coal macerals of the
fusinite type, in which the black organic material is confined to the woody cell walls (Stach et al., 1982). Thus, fusinite thin sections show bright capillaries and dark cell
walls. Using an oil-immersion objective (Fig. 1C), dark colored inclusions or particles in the 0.5–1.5-mm range can be
resolved within xylem capillaries in coprolite thin sections. Many of these are rather angular and have lower
absorbance at their centers than at perimeters. These optical properties are consistent with the view that the dark
substance of these structures has a shell-like distribution
and exists as optically dense vesicles, the detailed shapes
of which may be imposed, at least in part, by external and
internal micro-crystals of calcite or related mineral. As
will be shown below, these dark inclusions within tracheid
and ray-cell capillaries correspond to the vesicular component of the OM.
Yield and Gross Morphology of the OM
The yield of the OM from coprolite specimen MOR 1131
was 0.20 and 0.23 wt.% in two preparations starting with
5.0 and 56.5 g of coprolite, respectively. These yields are
consistent with total organic carbon contents of 0.12 and
0.24% reported for two other specimens of similar coprolite from the same locality (Chin and Brassell, 1993) and
suggest that much of the carbonaceous substance in the
coprolite is the OM, as defined herein. Specimen MOR
1131 contained about 97% HCl-soluble material, largely
calcite.
Under the light microscope, the OM in aqueous suspension appears as clumps and tangles, an extended example
of which is shown in Figure 2. Clumps consist of two morphologically different materials: Dark brown to black particles of various sizes up to a maximum of about 1.4 mm
with roughly spherical shapes; and a lighter colored, and
at least partly filamentous or fibrous material in which
the dark particles are enmeshed. Neither component is birefringent. Small clumps can contain only a few dark par-
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FIGURE 2—The coprolite OM. Scale bar is 10 mm and optical magnification is 1000X, dry field. The OM was released from the coprolite
using HCl, demineralized with HF, and applied to the slide as an aqueous suspension.

trained in the clumps of OM. In addition to acids, both the
particulate and fibrous components resisted destruction
by alkali (1.2 M KOH, 708C, 1 h), an oxidant (6:1 Chloroxtconc. HNO3, room temperature, 30 min), and an acetylating agent (1:9 conc. HNO3-acetyl anhydride, 728C, 1 h). Inertness argues that OM is ancient material not much contaminated with modern biochemicals.
Chemistry of the OM—Atomic Composition

FIGURE 1—Thin sections of dark, calcareous coprolites from the Late
Cretaceous Two Medicine Formation of Montana. (A) Cores of xylem
capillaries largely in longitudinal section. (B) Tracheid cores largely in
transverse section and ray cells in longitudinal section. (C) Tracheid
in longitudinal section, oil immersion. Scale bars for A, B, and C are
500, 100, and 10 mm, respectively. Specimen MOR 1131 was used
for A and B and MOR 771, for C.

ticles, whereas large clumps (Fig. 2) may contain hundreds of dark particles. Clumps appear to be mechanically
fragile, because their average size could be diminished by
vigorously shaking or stirring the suspension. The microscopic appearance of the OM was the same whether HCl,
acetic acid, or EDTA (1008C, pH 10) was used to dissolve
the coprolite’s calcite, and was unaltered by treatment
with HF, except for the removal of mineral grains en-

Elemental analysis of the OM from coprolite specimen
MOR 1131 gave the following percent composition by
weight: C, 83.1 6 0.1; H, 2.7 6 0.1; N, 2.0 6 0; S, 0.36(n 5
1); Cl 1 Br, ,0.5(n 5 1). Ash was 4.8% by weight. Oxygen
content by mass difference was 6.9%. These numbers, after correction for ash, translate into the following atom
percents: C, 67.9%; H, 26.3%; N, 1.4%; S, 0.1%; O, 4.4%.
The H/C ratio is thus 0.39 and indicates that the OM overall is highly dehydrogenated (carbonized) and, by virtue of
its O content (O/C 5 0.064), somewhat oxidized. By assuming preferential protonation of O, N, and S to the extent of 1 H/O, 1.5 H/N, and 1 H/S, the ratio of H actually
bonded to C to total C could be as low as 0.29. An H/C ratio
in the 0.29–0.39 range can be accommodated only by the
presence of polycyclic aromatic sheets in which internal C
atoms engage in graphite-type bonding. Ash is material
not oxidized or volatile at 6608C. It is unlikely to be HF-resistant detrital minerals, because minerals grains are absent in the OM at a magnification of 1000X. More likely,
ash arose from ions adsorbed into the OM.
The strikingly high atomic ratio of N to O implies a biological origin for the OM (Deming and Baross, 1993; de
Leeuw and Largeau, 1993). The combination of low H/C
and O/C ratios, insolubility, and dark color is characteristic of aromatic kerogens (van Krevelen, 1961, 1984; Tissot
et al., 1974; Tissot and Welte, 1984; Whelan and Thompson-Rizer, 1993).
Chemistry of the OM—FTIR Spectrum
The FTIR spectrum of the OM (Fig. 3) exhibits two rather broad bands centered at 3440 and 1595 cm21, and sev-
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pyrolyzate of the solvent extracted sample is significantly
different from that of the unextracted one. Indeed, some of
the major compounds produced by flash heating the unextracted sample were removed almost completely by extraction (Fig. 4), indicating that they are present in an unbound state and do not represent true pyrolysis products
of the macromolecular OM. Nevertheless, most of these
thermally desorbable compounds are likely to be of biogeochemical significance. Results are presented below according to compound type.
Hydrocarbons

FIGURE 3—FTIR spectrum of the coprolite OM. The sample KBr disk
contained 2 mg of the OM per g of KBr. Wave number is equal to the
reciprocal of wave length.

eral broadly overlapping bands of extending from about
900–1450 cm21. The small, sharp bands at 2916 and 2356
cm21 are imperfectly cancelled air bands, as are the closely
spaced, noise-like bands above 3600 cm21 and between
1400 and 1750 cm21. The spectrum is devoid of bands from
hydrated fluorides and chlorides of Ca, Mg, and Fe (Nyquist and Kagel, 1971)
The 3440-cm21 band is assigned chiefly to O-H/N-H
stretch of aromatic alcohols and amines (Szymanski and
Erickson, 1970; Mayo et al., 1994; Bruice, 1998). The 1595cm21 band is attributed to C5C stretch of polycyclic sheets
having average C-C bond order between 1.5 (benzene) and
1.33 (graphite; Friedel and Carlson, 1971; Friedel et al.,
1971, 1974), aromatic conjugation of C 5 O/C-OH groups
(Gains, 1988), and polynuclear aromatic molecules crosslinked by methylene groups (Rao et al., 1962). Major broad
bands at 3400–3500, 1600, and 1000–1300 cm21 are observed widely in coal samples (Solomon and Hamblen,
1981; Berkowitz, 1985; Gains, 1988). A 1600-cm21 band
has been observed in finely ground graphite (Friedel and
Carlson, 1971).
A remarkable feature of the spectrum of the OM is the
absence of alkyl and aromatic C-H stretch bands in, respectively, the 2750–3000- and 3000-3200-cm21 regions
(Szymanski and Erickson, 1970; Mayo et al., 1994; Bruice,
1998). The absence of C-H bands implies that the coprolite
OM contains relatively few unsubstituted alkyl and aromatic residues and, hence is chemically different from typical humic coals, which exhibit strong bands unambiguously due to alkyl and aromatic C-H (Solomon and Hamblen, 1981; Berkowitz, 1985; Gains, 1988). It is unlikely
that carboxylate and carboxylic acid groups contribute
strongly to the 1595-cm21 band, because companion bands
at 1400–1450 and 2600–3200 cm21 (carboxylate) or 1680–
1720 and 2800–3200 cm21 (carboxylic acid) are absent.
The FTIR spectrum of the OM most closely resembles
those of aromatic kerogens deficient in H and O (Rouxhet
et al., 1980; Monthioux and Landais, 1988), and requires
that polycyclic sheets with perimeter OH and NH substituents contribute importantly to its structure.
Molecular Organic Geochemistry
The most abundant 137 compounds in the pyrolyzates
of the coprolite OM were identified (Table 1, Fig. 4). The

Many of the major pyrolysis products of the unextracted
sample of the OM are hydrocarbons, including toluene [8]
(i.e., chromatographic peak #8, Table 1), a C9 branched alkene [19], naphthalene [61], n-pentadecane [98], phenanthrene [114], and 1-methyl-7-(1-methylethyl)-phenanthrene, also known as retene [132] (Table 1, Fig. 4 and 7).
In general, the straight-chain aliphatic hydrocarbons (i.e.,
n-alkanes and n-alk-1-enes, designated ‘‘AL’’ in Table 1)
are significant but minor components of the pyrolyzate,
with relative quantities close to 10% of the most abundant
compound. The odd-numbered C11 to C17 n-alkanes [49, 73,
98, 110], particularly the C15, show enrichment (Figs. 4A,
5A). Prominent odd-carbon n-alkanes in this range suggest an algal or bacterial contribution to the OM, with bacterial being the more likely given the nature of the sample.
C16 fatty acids, which are the predominant lipid components of most bacteria (Fulco, 1983), would give rise to npentadecane [98] through diagenetic decarboxylation.
Similarly, C14 and C18 fatty acids would form C13 and C17 nalkanes. Shorter n-alkanes (at least as short as C10) could
arise from b-OH fatty acids, which are common in the
bound fraction of bacterial lipids (Perry et al., 1979; Cranwell et al., 1987; Kawamura et al., 1987; Goossens et al.,
1989a, b). The strong odd-carbon over even-carbon predominance of n-alkanes also indicates that the sample is
thermally (diagenetically) immature (Tissot and Welte,
1984).
One would expect that the products of pyrolysis in an
open micro-reactor such as the CDS 120 also would include the n-alk-1-enes of the corresponding carbon numbers [47, 72, 96, 107] in similarly high abundance, which
was not the case here. This suggests that the n-alkanes
were present in the sample largely as free compounds,
which were desorbed at high temperature and are, thus,
not true pyrolysis products. Re-analysis of the sample after solvent extraction proves this to be the case, given the
marked relative decrease in the longer chain n-alkanes.
This is seen in the behavior of individual compounds (compare, for example, n-pentadecane [98] in Fig. 4A and B), as
well as collectively (Fig. 6). The residual n-alkanes still
show a lack of long chain (. C18) homologues and an oddcarbon predominance in the C11–C17 range (Fig. 5B). These
features provide evidence, as discussed above, for a bacterial contribution to bound lipid groups, perhaps initially
including relatively short chain b-OH fatty acids.
The pyrolyzates contain numerous aromatic hydrocarbons (designated ‘‘ARn’’ in Table 1, where n 5 number of
rings), some of which are in relatively high abundance.
These include benzene [3], toluene [8], C2-alkylbenzenes
[20, 21, 23], naphthalene [61], methylnaphthalenes [71,
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Table 1—Compounds identified by GC/MS in the pyrolyzates of OM from coprolite specimen MOR 1131. Peak numbers are those used in the
text in Figures 4 and 7. Compound types: AL, aliphatic hydrocarbons; ARn, aromatic hydrocarbons where n is the number of rings; BC,
branched or cyclic hydrocarbons; CA; carboxylic acids; F, phenols; N, nitrogen compounds; O, other oxygenated compounds; PS, polysaccharide derivatives; XP, phthalate contaminant; XS, silane contaminant. Approximate quantities are presented relative to the most abundant
compound (set to 100) in the pyrolyzates of the unextracted and extracted samples, respectively, with peak areas computed from the total ion
current chromatograms. Mass spectral base peaks are in italics and molecular ions are in bold face type. Other mass spectral peaks are in
unaccented type. BDCA—benzene dicarboxylic acid under ‘‘compound’’; ‘‘m/z’’—mass to charge ratio of an ion.

Peak

Type

Unextracted
quantities

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

O
AL
AR1
AL
AL
N
N
AR1
BC
BC
BC
AL
PS
BC
BC
N
CA
N
BC
AR1
AR1
AR1
AR1
AL
AL
PS
O
AR1
N
AR1
F
AR1
AR1
AR1
AL
AL
AR1
AR1
O
AR2
F
AR1
AR1
F
AR1
BC
AL
N
AL
BC
AR1
F
BC
AR2
O
F
AR2
AR1
CA
PS
AR2
AL
AL
BC
CA
O
AR1

9
17
45
12
12
7
3
83
19
12
13
6
5
8
7
7
15
6
60
17
31
10
16
8
8
7
4
4
9
7
27
9
7
14
8
8
6
3
41
8
8
4
4
25
6
9
10
0
17
4
7
2
4
10
20
10
11
8
8
5
44
10
12
6
14
3
6

Extracted
quantities
61
10
49
9
12
12
11
100
—
7
—
6
6
—
—
8
3
10
5
15
32
10
14
7
9
8
4
3
7
4
29
10
5
9
4
8
4
3
3
6
6
1
2
28
5
—
6
4
14
—
2
2
—
6
14
5
6
3
2
—
37
5
5
—
2
1
3

Compound
acetic acid
n-hex-1-end
benzene
n-hept-1-ene
n-heptane
pyridine
pyrrole
toluene
octene isomer
octene isomer
octene isomer
n-octane
furancarboxaldehyde
octene isomer
octene isomer
2-methylpyrrole
butenoic acid
3-methylpyrrole
C9 alkene isomer
ethylbenzene
1,3- & 1,4-dimethylbenzenes
styrene
1,2-dimethylbenzene
n-non-1-ene
n-nonane
methylfurancarboxaldehyde
benzaldehyde
propylbenzene
cyanobenzene
1-ethyl-3-methylbenzene
phenol
1,3,5-trimethylbenzene
1-ethyl-2-methylbenzene
1,2,4-trimethylbenzene
n-dec-1-ene
n-decane
1,2,3-trimethylbenzene
1-isopropyl-3-methylbenzene
2-ethyl-1-hexanol?
indene
2-methylphenol
1-methyl-3-propylbenzene
butylbenzene
4- & 3-methylphenol
1-methyl-2-propylbenzene
undecene isomer
n-undec-1-ene
cyanomethylbenzene
n-undecane
undecane isomer
1,2,3,5-tetramenthylbenzene
2,4-dimethylphenol
unknown hydrocarbon
methylindene
benzoic acid
4-ethylphenol
methylindene
pentylbenzene
octanoic acid
dihydroxymethylpyranone?
naphthalene
n-dodec-1-ene
n-dodecane
alkylcyclohexane?
nonanoic acid
indanone
hexylbenzene

m/z
43, 60, 45
56, 84, 55
78
56, 98
57, 100, 71
79, 52
41, 67, 40
91, 92
70, 112, 55
55, 112, 70
55, 112, 70
57, 114
95, 96
55, 112, 70
69
80, 81
68, 86
80, 81
70, 126, 55
91, 106
91, 106
78, 104
91, 106
56, 55
57, 128, 85
109, 110
105, 106, 77
91, 120
76, 103
105, 120
94
105, 120
105, 120
105, 120
55, 56
57, 71
105, 120
119, 134
57
115, 116
108, 107
105, 134
91, 134, 92
107, 108
105, 134
69, 55
55, 69
117, 90
57, 156, 71
57, 71
119, 134
107, 122
69, 83
115, 130
105, 122, 77
107, 122
115, 130
91, 148, 105
60, 73
68, 142
128
55
57
97
60, 73
132, 104
91, 162, 92
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Table 1—Continued

Peak

Type

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

N
AR1
XP
AR2
AL
AL
AR2
BC
BC
CA
AR1
BC
AR2
BC
AR2
AL
AR2
AL
N,O
AR2
AR2
CA
CA
BC
AR1
AR2
AR2
AR2
AL
AR2
AL
O
BC
CA
AR2
XP
AR3
AL
AL
AL
F
AR3
AL
CA
AR3
XS
AR3
AR3
AL
BC
O
XS
N
AR3
AR3
AR3
XP
AR3
AR3
BC
AR3
AR4
AR4
AR3
AR3
BC
AR4
BC
XP
BC

Unextracted
quantities
3
3
100
32
11
19
19
14
9
16
5
5
20
4
9
13
5
20
14
14
7
5
4
6
5
3
8
0
15
0
50
7
6
25
6
21
16
13
13
10
—
6
17
9
6
6
37
8
8
5
6
—
7
4
6
4
13
6
5
9
7
7
9
6
20
5
6
5
35
6

Extracted
quantities
2
1
87
20
3
10
11
—
—
1
2
—
14
—
3
3
5
5
21
10
3
—
—
1
2
1
1
1
4
3
16
4
—
1
1
1
8
—
3
—
3
2
4
—
1
4
29
3
—
—
3
2
—
2
3
2
4
5
2
—
4
4
9
1
5
—
2
—
—
—

Compound
indole
methylpentylbenzene
isobenzofurandione?
2-methylnaphthalene
n-tridec-1-ene
n-tridecane
1-methylnaphthalene
unknown olefin
unknown olefin
decanoic acid
heptylbenzene
isoalkene
biphenyl
isoalkene
2-ethylnaphthalene
n-tetradec-1-ene
2,6-dimethylnaphthalene
n-tetradecane
isoindoledione?
1,3-dimethylnapthalene
1,7- & 1,6-dimenthylnaphthalenes
carboxylic acid
undecanoic acid
unknown olefin
octylbenzene
methylbiphenyl
C2-indene
methylbiphenyl
n-pentadec-1-ene
C2-indene
n-pentadecane
dibenzofuran
unknown olefin
dodecanoic acid
2,3,6-trimethylnaphthalene
1,2-BDCA, diethyl ester
fluorene
n-hexadec-1-ene
n-hexadecane
n-heptadec-1-ene
diphenol
methylfluorene
n-heptadecane
tetradecanoic acid
dibenzothiophene
silane
phenanthrene
anthracene
octadecane
unknown aliphatic
xanthone
silane
C16 alkylnitrile
3-methylphenanthrene
2-methylphenanthrene
9-methylphenanthrene
1,2-BDCA, dibutyl ester
1-methylphenanthrene
phenylnaphthalene
unknown aliphatic
1,7-dimethylphenanthrene
fluoranthene
pyrene
C3-phenanthrene
retene
unknown aliphatic
tetrahydrochrysene
unknown aliphatic
1,2-BDCA, diisooctyl ester
unknown aliphatic

m/z
90, 117
105, 162
104, 148, 76
142, 141
55, 69
57, 71
142, 141
69
69
60, 73
92, 176, 91
55, 69
154
57, 71
156, 141
55, 69
156
57, 71
76, 147, 104
156
156
60, 73
60, 73
55
92, 190, 91
168
144
168
55
144, 115
57, 212, 71
168
69, 83
60, 200, 73
170
149, 177
166, 165
55, 83
55
57
93, 186, 65
165, 180
57
60, 228, 73
184
253
178
178
57
57
196, 168
327
55, 97
192
192
192
149, 223
192
204
69
206
202
202
205, 220
219, 234
69
232
69
149, 167
69
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FIGURE 4—Total ion current chromatograms of the pyrolyzates of the unextracted coprolite OM (A) and the OM extracted with dichloromethanemethanol (B). Peak numbers are identified in Table 1. Due to space limitations, not all peak numbers are shown.

FIGURE 5—Distribution by carbon number of n-alkanes (A,B) and nalkanoic acids (C,D) in the pyrolyzates of the unextracted (A,C) and
solvent extracted (B,D) coprolite OM. For n-alkanes, peak areas were
computed from m/z 57 1 71 chromatograms; for n-alkanoic acids,
peak areas were computed from m/z 60 1 73 chromatograms. nAlkanes produce strong, diagnostic m/z 57 and 71 fragment ions. Similarly, m/z 60 and 73 ions are characteristic for the n-alkanoic acids.

74], biphenyl [80], 1,3-dimethylnaphthalene [87], fluorene
[104], phenanthrene [114], and retene [132]. The (alkyl)benzenes are nearly ubiquitous in sedimentary OM
pyrolyzates and can have many possible origins; hence
these compounds are not particularly diagnostic.
The distribution of (alkyl)naphthalenes indicates a predominance of naphthalene over its alkylated derivatives,
the relative abundance of which decreases with increasing
extent of alkylation (Fig. 7). This is in contrast to pyrolyzates of humic coals (at least their vitrinitic, i.e. fossil lignin, components), in which the alkylated naphthalenes
are more abundant than naphthalene (e.g., Kruge and
Bensley, 1994; Stankiewicz et al., 1994). Rather, the observed distribution of naphthalenes is more consistent
with that observed in the pyrolyzates of recent aquatic
sediments known to contain bacterial and algal material
or those of oxidized terrestrial vegetation (Stankiewicz et
al., 1994; Peulvé et al., 1996; Kruge, 1999). The solvent extracted sample of the OM produced a similar (alkyl)naphthalene distribution, with a somewhat greater
relative amount of the parent compound (Fig. 4, Table 1).
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FIGURE 7—Distribution of polycyclic aromatic compounds in the pyrolyzate of the unextracted sample of coprolite OM. Peak numbers
are defined in Table 1. The chromatogram is based on molecular ions
(m/z 5 128, 148, 154, 156, 166, 168, 178, 192, 196, 202, 206, and
234) of the selected compounds depicted in the figure.

FIGURE 6—Distribution of compound classes in the pyrolyzates of
the coprolite OM, relative to the alkylbenzenes. Classes of compounds
are defined in Table 1. Peak areas were computed from the total ion
current chromatograms. AL6:10 and AL11:18 refer to aliphatic hydrocarbons with 6–10 and 11–18 carbon atoms, respectively.

This suggests that the naphthalenes in the pyrolyzate of
the unextracted sample are, in part, free hydrocarbons
(particularly the alkylated species) and, in part, true pyrolysis products of the insoluble, macromolecular component.
The distributions of (alkyl)phenanthrenes in the coprolite pyrolyzates present a similar picture, with a predominance of phenanthrene over alkylated derivatives (Fig. 7).
Thus, the pyrolyzate does not resemble that of vitrinite
(Kruge and Bensley, 1994). However, two alkylphenanthrenes with alkylation at the 1 and 7 positions [128, 132]
are particularly notable. These compounds (retene and
1,7-dimethylphenanthrene, also known as pimanthrene)
have been shown to be diagenetic derivatives of abietic
and pimaric acids (Simoneit, 1977; Wakeham et al., 1980;
Killops and Killops, 1993). Their relative amounts are consistent with derivation from a component of terrestrial
vegetation, most likely coniferal.
Tetrahydrochrysene [134] is very possibly the product of
a methylated tetrahydrochrysene through diagenetic demethylation. A plausible methylated precursor is 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene, which can be formed
by bacterial metabolism from b-amyrin, a triterpenoid of
angiosperms (Spyckerelle et al., 1977; Laflamme and Hites, 1979; Bouloubassi and Saliot, 1993) or from other triterpenoids including some produced directly by bacteria
(Borrego et al., 1997). Thus, the presence of tetrahydrochrysene [134] may imply either the presence of angiosperm plant matter in the dinosaur’s diet or a direct bacterial contribution.
Although hopanoids were not detected in the pyrolyzates of the coprolite OM, C19 and C20 hopanes previously
had been detected in trace quantities in dichloromethanemethanol extracts of similar coprolites from the Two Medicine Formation (Chin and Brassell, 1993; unpublished
data). The detection of hopanes clearly indicates an eubacterial contribution for these intact coprolites.
Whereas phenanthrene itself is a prominent compound

in both pyrolyzates, there is a major decrease in the relative amount of retene after solvent extraction (Fig. 4, Table 1), indicating that the latter compound is largely present as a free hydrocarbon. In general, apart from the parent compounds naphthalene, phenanthrene, and pyrene
[61, 114, 130], there are moderate relative losses of polycyclic aromatic hydrocarbons after extraction, as summarized in Figure 6.
The low H/C and O/C atomic ratios of the OM require a
high degree of aromaticity, and Py-GC/MS data support
that conclusion. The aromatic hydrocarbons, together
with phenols and most of the predominently aromatic oxygenated and organonitrogen compounds, constitute the
major portion of both pyrolyzates (Fig. 6). This pattern
suggests that the (polycyclic) aromatic hydrocarbons arise
in large measure from high molecular weight, inertinitic
material. On the other hand, the normal, branched, and
cyclic hydrocarbons (and fatty acids—see below), although
important in the pyrolyzate of the unextracted sample, are
lost largely after extraction (Fig. 6), indicating that they
are not covalently bound and less representative of the
macromolecular component of the OM.
Oxygenated Compounds
Phenol [31] and coeluting 4- and 3-methylphenols [44]
are among the most abundant compounds in both pyrolyzates (Fig. 4). The phenols can have a variety of precursor
materials, including vitrinite and fossil bacterial biomass
(Peulvé et al., 1996; Kruge et al., 1998; van Heemst et al.,
1999). The distribution of alkylphenols is more indicative
of bacteria, given the large amount of 4-ethylphenol [56]
relative to the dimethylphenols.
The compound tentatively identified as an ethylhexanol
[39] produced one of the strongest peaks on the unextracted sample’s pyrogram (Fig. 4A), but was removed almost
completely by extraction (Fig. 4B). A simple branchedchain compound might have a bacterial origin (Fulco,
1983), but one might expect to see a series of these, rather
than a single one.
The minor compounds labeled ‘‘PS’’ in Table 1 [13, 26,
60] typically are seen in the pyrolyzates of recent organic
material, in which context they would be considered polysaccharide derivatives. It is remarkable to find them even
in minor quantities in such an ancient sample, because
polysaccharides are not expected to survive extensive diagenesis. This is a further line of evidence that the coprolite
OM is thermally immature, with well-preserved organics.
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The C8 to C14 n-alkanoic acids [59, 65, 77, 90, 101, 111]
form another group of major compounds that were produced from the unextracted sample (Fig. 4A). Examination of the m/z 60 1 73 mass chromatogram revealed that
the series was, in fact, more extensive, ranging from C5 to
C15. The relative prominence of the even-carbon homologues (Fig. 5C) is good evidence of a bacterial contribution
(Perry et al., 1979; Cranwell et al., 1987; Kawamura et al.,
1987; Goossens et al., 1989a,b), as well as of thermal immaturity. These acids exist as free compounds, although
trace amounts remain after extraction (Table 1) and still
show an even-carbon preference (Fig. 5D).
The various compounds with carbonyl or carboxyl
groups in the pyrolyzates [1, 27, 55, 66, 86, 118] suggest
that the sample has experienced some oxidation, probably
at the outcrop. The phthalates, particularly the benzene
dicarboxylic acids [103, 124, 136], typically result from
contamination by contact with plastics during sample
handling. These three compounds essentially are removed
by extraction (Table 1), as expected if they were contaminants. A fourth phthalate, tentatively identified as isobenzofurandione [70], is very abundant even after extraction
(Fig. 4, Table 1). While it, too, may be a contaminant, it
also could be an additional indicator of oxidation at the
outcrop.
Nitrogen Compounds
The presence of nitrogen in the OM (atomic N/C ratio of
0.02) was confirmed by Py-GC/MS. The occurrence of even
minor amounts of simple, cyclic organonitrogen compounds, such as pyridine, pyrrole, methylpyrrole, cyanobenzene, and indole [6, 7, 16, 18, 29, 68], is another unusual
feature for a sample of such great geologic age. As with the
polysaccharide derivatives, these compounds are common
in pyrolyzates of recent organic matter, in which case they
would indicate (degraded) proteinaceous material (Sicre et
al., 1994; Peulvé et al., 1996). Indole in a pyrolyzate is
most likely derived from the amino acid tryptophan. Similarly, the 4-alkylphenols [44, 56] might be derived in part
from tyrosine; toluene [8], ethylbenzene [20], and styrene
[22] might have phenylalanine as one of their sources
(Stankiewicz et al., 1997a,b, 1998; van Heemst et al.,
1999). Nitrogen compounds usually are notdetected even
in fresh (let alone fossil) wood pyrolyzates (e.g., van
Smeerdijk and Boon, 1987); hence, a bacterial contribution is likely. Direct evidence for preserved proteins, such
as dipeptides, in the pyrolyzates was not found.
The presence of the C16 alkylnitrile [120] in a pyrolyzate
also has been attributed to bacterial sources (Sicre et al.,
1994). b-OH palmitic acid, originally linked by amide
bonds to bacterial lipopolysaccharides (Goossens et al.,
1989a, b), is a likely precursor of the alkylnitrile. Except
for the alkylnitrile, the nitrogen compounds were not removed by extraction and, therefore, must derive from the
macromolecular component of the OM. The occurrence of
nitrogen compounds indicates that the coprolite OM is extraordinarily well-preserved and thermally immature.
Sulfur Compounds
The only organic sulfur compound of the OM detected
was a minor amount of dibenzothiophene in the unextract-

ed sample. This is not surprising given the very low S/C
ratio of 0.002 and the coprolite’s terrestrial depositional
setting.
A sample of the whole coprolite was pyrolyzed directly,
but the resulting pyrogram was too weak for peak identification. Thus, a direct comparison of pyrolyzates between
whole coprolite and the OM derived from that coprolite
could not be made.
Mapping of OM in the Coprolite
Three lines of evidence show that the OM is localized in
the xylem capillaries of the coprolite’s conifer fragments.
The first of these depends on a close similarity in reflectivity between the dark particulate component of purified
OM and the dark inclusions of similar size in the capillary
cores.
As observed by scanning confocal reflection microscopy
(Fig. 8A), the OM exhibits many minute centers of reflection. Virtually every optically resolvable dark particle (0.5
mm and larger) observed in transmission mode (Fig. 8B)
could be shown to correspond to at least one center of reflection, when account was taken of the fact that the plane
of maximum reflection for a particle generally lay 0.2–0.6
mm above its focal plane in the transmission image. This
difference in distance suggests that reflection occurs chiefly from upper, presumably convex, surfaces of the particles. As represented in Figure 8C, the dark cores of tracheid and ray cells seen in coprolite thin sections also present a multitude of reflective centers, whereas the surrounding transparent calcite does not. As with the OM, it
can be shown that virtually every optically resolvable,
dark inclusion (Fig. 8D) superimposes with a center of reflection (Fig. 8C), once allowance is made for the 0.2–0.6mm difference between the focal plane of the particle and
its plane of maximum reflection. These observations indicate that point reflections observed in the coprolite arise
neither from crystal interfaces nor refractive index differences, but rather from a substance having the intrinsic reflectivity of the OM. Intrinsic reflectivity is a characteristic of certain kerogens, including inertinites (Castano and
Sparks, 1974; Stach et al., 1982; Whelan and ThompsonRizer, 1993).
The second line of evidence depends on an ability of
EDTA to remove calcite from a coprolite thin section under
mild, non-turbulent conditions. This procedure demonstrates that the OM remaining after the dissolution of calcite (Fig. 9B) superimposes exactly onto the dark material
originally located in the xylem capillaries (Fig. 9A).
The third approach depends on the release of the OM at
room temperature from coprolite chips under EDTA in the
absence of mixing and CO2 bubble formation. The OM released consists principally of optically dense structures
(Fig. 10) that have the diameters, shapes, and sizes of the
dark capillary cores in situ. By vigorous stirring or shaking, these structures can be degraded into clumps closely
resembling those of Figure 2 and smaller. The presence in
these opaque structures of both the dark particulate and
the lighter fibrous components of the OM shows that they
are naturally associated in situ and do not just associate
incidentally from noncontiguous components during decalcification under turbulent conditions. The results depicted in Figures 9 and 10 also demonstrate that the OM
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FIGURE 8—Scanning laser microscope images in confocal reflection (A,C) and transmission (B,D) modes. (A,B), a clump of the coprolite OM
under coverslip; (C,D), tracheid in a coprolite thin section in oblique orientation (specimen MOR 1131). Wave length was 488 nm, scale bars
are 10 mm, and optical magnification was 1000X with oil immersion. The images in A and B and in C and D represent, respectively, the
summation of 6 and 14 scans to improve signal quality. Each reflection image exhibits at lower left a ringed flare which is an artifact from lens
element reflections. The blurred object at the extreme left in A and B represents a small bit of the OM that was moving between slide and
coverslip during data collection and should be ignored.

has some intrinsic structural strength and cohesiveness
when the coprolite is decalcified gently.
Vesicular Components of the OM
An SEM image of the demineralized OM is shown in
Figure 11. The OM appears to consist of vesicles and
spherical particles ranging in size from about 0.1–1.3 mm

that are in contact with and apparently enmeshed in a
matrix that seems to have little definite structure. A number of the larger vesicles are broken open and appear to be
thin walled, much like egg shells. Vesicles of intermediate
size often show what appears to be a hole or surface dimple. Particles of the smallest size appear to have uninterrupted spherical surfaces, and tend to clump together into
aggregates of various sizes and shapes. The overall ap-
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FIGURE 11—SEM image of the coprolite OM. The OM was applied
to a glass surface as an aqueous suspension. Scale bar is 1 mm.

FIGURE 9—Thin section of conifer xylem fragment in coprolite specimen MOR 1131 before (A) and after (B) removal of calcite by EDTA
solution under conditions of laminar flow at room temperature. Dark
capillaries are viewed largely in oblique orientation. Scale bars are
100 mm.

pearance of the OM by SEM was not affected by replacing
HCl with acetic acid or hot EDTA to remove calcite. Similarly, omission of the HF step had little or no effect on morphology, except that minute mineral grains then were
seen always adhering to and enmeshed in the OM. The
OM is morphologically reminiscent of insoluble, carbonaceous material observed in HF digests of Precambrian, organic-rich, sedimentary rocks and attributed to a prokaryotic origin (Schopf, 1968; Peat and Lloyd, 1974).
The vesicular nature of the OM was confirmed by TEM
images of 50–70-nm thin sections of embedded OM (Fig.
12). The larger vesicles, 0.2 mm or more across, have electron dense walls of 0.01–0.02-mm (100–200-Å) thickness
and often contain internal concentrations of electron
dense material (Fig. 12A, B). Smaller vesicles and particles (Fig. 12B) have walls typically of lower electron density that often appear to be doubled. In addition to the vesicular components, the OM also contains nonvesicular,
stringy or fibrous material (bottom center, Fig. 12A). The

FIGURE 10—Optically dense structures released from coprolite chips by EDTA solution at room temperature. (A,B) Two different fields showing
representative forms. Scale bars are 10 mm, optical magnification was 1000X (dry field), and the coprolite specimen was MOR 1131. Adhering
mineral grains appear at top center in B.
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FIGURE 13—SEM images of coprolite surfaces after brief acid etching. (A) View into a xylem capillary, cellulose acetate peel. (B) View
into a xylem capillary, actual surface. Scale bars are 1 mm.
FIGURE 12—TEM images of the coprolite OM. (A) Vesicles with electron dense walls plus nonvesicular material (bottom center) having a
fibrous appearance. (B) Vesicles of various sizes, some with electron
dense inclusions. (A) was stained for contrast but (B) was not. Scale
bars are 0.1 mm, and effective magnification was 100,000X.

widths of the fibers are about 0.02 mm where they can be
seen separately. TEM vesicles in the 0.2–1.2-mm range are
believed to correspond to the dark particles observed in
light microscopy of OM. It is likely that the filamentous
component of OM that is seen to entrain the dark particles
in light microscopy corresponds to the nonvesicular material in TEM images, at least in part. Heavy-metal staining
did little to enhance the image contrast of OM components.
Given a vesicular component in the OM, an attempt was
made to observe the release of nascent vesicles from cores
of tracheid and ray capillaries by lightly etching polished
coprolite surfaces. Etched surfaces were examined by
SEM either as replica surfaces on cellulose acetate peels
(Fig. 13A) or directly (Fig. 13B). Capillary cores easily
were located at lower magnifications. Figures 13A and B
reveal both newly detached vesicles, which have roughly

spherical shapes and appear to correspond to the vesicular
fraction of the OM, and other particles with more angular
shapes, many of which are embedded partly in calcite surfaces. These are interpreted as calcite-filled vesicles of the
OM in the process of being released from the mineral matrix. The sizes of nascent particles released by acid etching
are similar to those observed for the OM. The surfaces of
freshly broken coprolite lack the particles revealed by
etching. Such particles are apparently cross-cut by fractures and generally do not hold to one or the other fracture
face to produce a pattern of pits and bumps. This pattern
requires that the organic vesicles in situ must be filled
with calcite or a mineral of similar strength.
Calcification of the Coprolites Initiated in the Xylem
Capillaries
Cathodoluminescence, arising from trace manganous
ions in calcite of coprolite thin sections, can reveal different episodes of calcification based on different local Mn
concentrations. Grains of quartz and feldspar (e.g., parti-
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Table 2—Microprobe analysis for 13 elements in a xylem fragment
exposed on the surface of a polished thin section prepared from coprolite specimen MOR 1130. The amounts of Fe, Mn, Ca, Sr, Al, Mg,
S, K, P, C, and Ba are expressed as the weight percent of their respective oxides. Mean values were rounded off to three significant
figures or two decimal places, as appropriate, given the precision of
the method. Elements showing significant differences among the three
classes of targets are in bold type. Standard deviation, s.d.

Element
FeO
CaO
MnO
Cl
SrO
F
Al2O3
MgO
SO3
K2O
P205
CO2
BaO
Total

FIGURE 14—Cathodoluminescent (A) and transmitted light (B) images of a thin section, coprolite specimen MOR 1131. Scale bar is
160 mm. ‘‘Q’’ indicates a quartz grain immediately to left of the letter.

cle Q in Figure 14A) show a pale blue to violet fluorescence
that makes them easily discernible from the orange fluorescence emitted by calcite surfaces containing traces of
Mn.
As can be seen from Figure 14A, the dark areas having
low Mn content correspond to what originally were the
capillaries of tracheid and ray cells, which are also the loci
of the OM (Fig. 14B). A second and necessarily later episode of calcite deposition with a higher Mn content (bright
regions of Fig. 14A) filled in the remaining spaces, including the originally woody walls of tracheid and ray cells,
spaces between woody fragments, fractures, and small
borrows. Where void-filling and cell-wall calcite are in contact, no difference in fluorescence intensity or color was
observed, thus indicating identical Mn contents across
these contacts. The calcite-filled fracture dividing the two
portions of xylem in Figure 14 is typical of fractures and
void spaces in the coprolite. The crystal form of the calcite
in this fracture (Fig. 14B) and the dark suture line running down its middle indicate that calcite filled the space
from the outer edges inward. At the end of the first episode

Tracheid lumens
with high P2O5
n520 analyses
Mean
0.01
54.6
0.05
0.01
0.11
0.09
0.01
0.84
0.01
0.05
0.75
45.5
0.10
102.1

Tracheid lumens
with low P2O5
n515 analyses

Tracheid cell
walls n510
analyses

s.d.

Mean

s.d.

Mean

s.d.

0.02
0.5
0.06
0.00
0.05
0.07
0.01
0.17
0.01
0.02
0.21
3.5
0.06
3.5

0.01
55.3
0.06
0.01
0.11
0.07
0.00
1.02
0.01
0.03
0.09
43.1
0.04
99.9

0.02
0.9
0.09
0.00
0.05
0.07
0.00
0.24
0.00
0.01
0.06
3.3
0.07
2.8

0.01
56.5
0.62
0.00
0.04
0.06
0.01
0.87
0.03
0.03
0.14
40.9
0.02
99.3

0.01
0.4
0.23
0.00
0.04
0.05
0.01
0.13
0.02
0.01
0.11
1.8
0.04
1.7

of calcification, which mineralized only capillaries, the
coprolite still must have been soft and spongy, with loosely
connected xylem fragments and many voids. These open
spaces must have been mineralized and, thus, stabilized
three-dimensionally before the development of significant
overburden pressures.
The superposition and alignment between xylem capillaries as defined by Mn fluorescence (Fig. 14A) and as defined by their opaque cores in transmitted light (Fig. 14B)
are often not perfect due to an artifact of imaging: Mn fluorescence is limited to surface depths of 1–2 mm due to shallow electron penetration, but transmitted light allows imaging to the full 30-mm thickness of the thin section. Comparisons of Figure 14A and 14B also demonstrate that Mn
fluorescence affords a more complete map of original capillary structure than that afforded by the distribution of
dark capillary cores. This is due to the fact that not every
xylem capillary channel developed or retained the OM responsible for an opaque core. Capillaries lacking such
black cores are virtually invisible in transmitted light, but
are clearly visible by cathodoluminescence because of
their low Mn content.
Microprobe analyses on thin sections confirm that Mn
levels in cell walls of xylem exceed those in capillaries, the
difference being roughly a factor of 10 (Table 2). Of interest is the observation (Table 2) that P is sequestered in
some, but not all, of the capillaries. Based on microprobe
element maps (not shown), it is estimated that 33–50% of
the capillaries of tracheid cells have P levels that are fiveto-eight times greater than those found in other tracheid
capillaries. There is little if any difference in P levels between low P capillaries and the surrounding cell walls.
Among the 13 elements quantified in Table 2, only Mn and
P showed significant differences according to location
within the xylem fragment.
The low Fe content of the coprolites assures that fluo-
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rescence quenching by Fe was of no importance in cathodoluminescence experiments (Waychunas, 1988).
DISCUSSION
This study supports the view that the OM in coprolites
of herbivorous dinosaurs largely represents the remnants
of bacterial colonies. This conclusion is based on: the size
range (0.1–1.3 mm) and wall thickness (0.01–0.02 mm) of
the vesicular component of the OM; on pyrolysis biomarkers characteristic of bacterial origins; and on the high particle density, location, and context of the in situ OM. In
view of the range of vesicle and particle sizes, it is likely
that these components largely represent bacterial fragments and not morphologically intact structures. The origin of the filamentous component of the OM is problematical, but it might represent the residue of extracellular
polysaccharide material (glycocalyx), perhaps along with
pilin or other proteinaceous substances, produced to cement bacterial colonies together (Davis and Briggs, 1995).
This possibility is consistent with the intimate association
in situ of the vesicular and filamentous components of the
OM. Pyrolytic evidence for bacterial residues includes the
presence of predominantly odd-carbon n-alkanes and
even-carbon n-alkanoic acids in the C9–C17 range, 4-alkylphenols, and a variety of nitrogen compounds, including nhexadecanitrile.
It is unlikely that the OM arose from woody cell walls of
tracheid and ray cells, because very little of it occupies positions corresponding to the original cell walls, and its pyrolyzates were deficient in molecular biomarkers for lignin-rich precursors. Nevertheless, fossilized plant material might have produced some of the polycyclic aromatic
hydrocarbons in the pyrolyzates, and the presence of two
alkylphenanthrenes—retene and pimanthrene—provide
evidence for a higher plant contribution. Thus, biomarker
analyses of the OM indicate minor contributions from lignin-poor plant material.
The presence of bacterial colonies in xylem capillaries
within the coprolites is consistent with the small diameters of the capillaries (8–20 mm) and the confinement of
the OM within them. Some eukaryotic organisms of decay,
such as protozoa, largely would have been excluded from
the capillaries due to size, and others, such as fungi, are
not expected to have been confined due to the common
ability of their hyphae to penetrate woody cell walls and
become delocalized. Indeed, extensive surveys of coprolite
thin sections (Chin, 1996) found evidence for fungal hyphae about 20 mm in diameter, but such structures were
encountered only rarely. That bacteria have the capacity
to colonize the capillary channels of xylem is demonstrated by the pathogen, Xylella fastidiosa and related species,
which can cause chlorosis in a wide variety of trees and
shrubs (Percell and Hopkins, 1996).
Although it cannot be said whether bacteria inoculated
the capillary channels pre- or post-depositionally, there is
precedence that inoculation could have occurred in the gut
of the dinosaur that produced the feces. Among modern
herbivores, microflora of the gut colonize the vascular
spaces of forage plant material as a part of the digestive
process for cellulose and other b-polysaccharides (Weimer,
1982; Cheng et al., 1991a,b; Dehority, 1993; Pell and Schofield, 1993).
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The fossilization of herbivore feces in terrestrial environments is a rare event. They are composed of organic
constituents that can be metabolized by a variety of small
organisms, contain high levels of microorganisms at the
outset, and lack the high concentrations of calcium phosphate often found in carnivore feces (Hunt et al., 1994).
How, then, might herbivorous feces become fossilized? Numerous studies (e.g., Bouquet et al., 1973; Martill, 1989;
Hirschler et al., 1990; Briggs and Kear, 1993; Briggs et al.,
1993; Briggs and Wilby, 1996; Sagemann et al., 1999)
demonstrate that bacteria can facilitate the rapid authigenic deposition of calcium carbonate and calcium phosphate under mildly alkaline anaerobic conditions with
suitable sources and concentrations of calcium, phosphate, and bicarbonate. The basis of this phenomenon is
apparently the general ability of bacteria to modify critical
chemical gradients over small distances and, thereby, create local regions in which calcium carbonate or calcium
phosphate can become saturated and crystallize from solution. Thus, it is plausible that mineralization of the xylem capillaries in the dinosaur feces was catalyzed by bacteria that had colonized the capillaries and began soon after deposition when bacterial metabolism was still active.
It is believed that the present study may be relevant particularly to taphonomic sequence and mechanism in the
fossilization of herbivore feces, inasmuch as it suggests a
means to initiate mineralization rapidly and to create a
structural scaffold sufficiently robust to preserve some details of plant structure and histology.
This scenario for initial mineralization of the feces also
provides a natural explanation for why bacterial residues
are found almost exclusively in the capillaries and not
ubiquitously throughout the coprolite, as was surely the
case in fresh feces. We suggest that mineralization within
the capillaries encapsulated the bacteria and protected
their organic matter from subsequent destruction. Encapsulation and preservation of organic matter within calcite
can be very effective, as demonstrated by the excellent
preservation of biomarker molecules derived from crustose (calcareous) red algae from the Lower Carboniferous
(Kruge et al., 1999). Protection by encapsulation in the
coprolites did not extend to and include the woody cell
walls and other organic material external to the xylem
capillaries. This material was replaced almost entirely after the first episode of mineralization. Therefore, it is suggested that bacteria initiated deposition of calcite and calcium phosphate and, in so doing, succeeded in protecting
at least some of their organic material from later destruction. In this regard, calcite deposition and loss of lignin
from capillary cell walls might have been coupled processes. Calcite deposition is favored at pH above 8.5 (Bouquet
et al., 1973; Briggs and Wilby, 1996; Sagemann et al.,
1999), and lignin begins to experience hydroxide catalyzed
hydrolysis at about pH 9 (Sarkanen, 1963). The occurrence of mildly alkaline conditions is consistent with geological and paleontological evidence that the Two Medicine Formation was an upland plateau 76 Ma ago with a
warm, seasonally arid climate (Retallack, 1981; Lorenz
and Gavin, 1984; Gavin, 1986; Horner and Gorman, 1988).
One expected consequence of the early encapsulation of
capillary contents is a compartmentalization in the distribution of biomarker components within the coprolite, as is
supported by the striking difference in biomarker content
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between dichloromethane-methanol extracts of whole, unfractionated coprolites (Chin and Brassell, 1993) and the
OM described herein. Analysis of the coprolite extracts by
GC/MS revealed that C21–C31 n-alkanes, plant biomarkers, presented peak amplitudes as large as or larger than
those in the C12–C19 range. Other abundant plant biomarkers included phytane, pristane, and degraded triterpanes. However, pristane, phytane, triterpane derivatives, and n-alkanes longer than C19 were not detected in
the pyrolyzates of the OM. Thus, the OM provided a
strong signature for bacterial residues, whereas solvent
extracts of the whole coprolites provided a strong signature for plant residues. These differences in biomarker
abundance imply that the biomarker content of the OM of
xylem capillaries within the coprolite may be different
from and not representative of the coprolite as a whole.
Based on dark color, low H/C and O/C ratios, low chemical reactivity, infrared spectrum and reflectivity, coprolite OM might be interpreted as a thermally mature kerogen (Whelan and Thompson-Rizer, 1993) that arose
through diagenetic processes within a warm, deep sedimentary basin (Hayes et al., 1983; Rullkötter, 1993). On
the other hand, the high nitrogen content and remarkably
good preservation of its biomarkers show that the OM is
an immature kerogen that was formed in a cool, shallow
basin (Tissot and Welte, 1984). Indeed, geological evidence
shows that present exposures of the Two Medicine Formation were never buried deeply or heated strongly (Lorenz, 1981; Lorenz and Gavin, 1984; Horner and Gorman,
1988). In agreement with this evidence are paleontological
indicators, such as the retention of internal microstructure and original minerals in dinosaur bones (Barreto et
al., 1993) and egg shells (Hirsch and Quinn, 1990), and
lack of calcite recrystallization in coprolites. Thus, the OM
is best interpreted as an aromatic kerogen of the inertinite
class that formed in a shallow basin. It should be mentioned in this regard that the deficiency of C-H bonds in
the OM and the release of C-H rich organics during pyrolysis are not mutually contradictory observations. The
mass of pyrolyzate compounds detected by GC/MS represents only a small fraction of the mass of the sample. Thus,
these low molecular weight organics need not reflect closely the bulk chemistry of the OM.
Evidence for fossilized bacteria in ancient coprolites is
rare. Bradley (1946) reported finding bacterial morphologies in carnivore coprolites from the Eocene. After dissolving the phosphatic matrix with acid, minute particles of
silica were recovered that had coccoid, ovoid, budding, and
rod shapes. These were interpreted as the replacement
casts of bacteria and other microorganisms but were not
reported to have been encased in, or associated otherwise
with, organic material. The results of the present study on
coprolites from the Two Medicine Formation are unique in
supporting the existence of organic remnants of bacterial
colonies in coprolites of dinosaur origin, and in inferring a
role for these colonies in initiating fecal mineralization.
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SICRE, M.A., PEULVÉ, S., SALIOT, A., DE LEEUW, J.W., and BAAS, M.,
1994, Molecular characterization of the organic fraction of suspended matter in the surface waters and bottom nepheloid layer of
the Rhone delta using analytical pyrolysis: Organic Geochemistry,
v. 21, p. 11–26.
SIMONEIT, B.R.T., 1977, Diterpenoid compounds and other lipids in
deep-sea sediments and their geochemical significance: Geochimica et Cosmochimica Acta, v. 41, p. 463–476.
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